The magnetization and the magnetic susceptibility have been investigated in various fields including inorganic chemistry, solid state physics, and material science. 1 Magnetic susceptibility measurements contain a lot of chemical and physical information; thus they can be used to characterize organic and inorganic compounds. Measurement of magnetic susceptibility of a solution is an essential physical analytical method to determine the spin state and magnetization of a solute as well as to determine the presence of a specific element in solution. 2 A magnetic balance, 3,4 a vibration flux meter, 5 and a SQUID flux meter 6 have been widely used to investigate the spin state of solid compounds, metal complexes and solutions. The magnetic balance is a classical and simple method to measure the magnetic force acting on a sample directly. However, its sensitivity is lower than that of the SQUID flux meter. The SQUID flux meter has the highest sensitivity, but it is susceptible to magnetic noise; hence, it is necessary to shield with a super-conducting material. Also, it is difficult by the SQUID flux meter to measure the reaction or change of magnetic susceptibility of a solution sample directly. Thus, it is necessary to develop an alternative magnetic susceptibility metrology by a new principle in order to deal with a solution sample. In our laboratory, a novel method of the magnetophoretic velocimetry 7, 8 has been developed to measure the magnetic susceptibility and the composition of individual micro-particles and droplets in liquids by using a magnetic force. In this technique, the size and the migration velocity of micro-particle are directly measured with an optical microscope; from their values, the magnetic susceptibility can be calculated.
Introduction
The magnetization and the magnetic susceptibility have been investigated in various fields including inorganic chemistry, solid state physics, and material science. 1 Magnetic susceptibility measurements contain a lot of chemical and physical information; thus they can be used to characterize organic and inorganic compounds. Measurement of magnetic susceptibility of a solution is an essential physical analytical method to determine the spin state and magnetization of a solute as well as to determine the presence of a specific element in solution. 2 A magnetic balance, 3, 4 a vibration flux meter, 5 and a SQUID flux meter 6 have been widely used to investigate the spin state of solid compounds, metal complexes and solutions. The magnetic balance is a classical and simple method to measure the magnetic force acting on a sample directly. However, its sensitivity is lower than that of the SQUID flux meter. The SQUID flux meter has the highest sensitivity, but it is susceptible to magnetic noise; hence, it is necessary to shield with a super-conducting material. Also, it is difficult by the SQUID flux meter to measure the reaction or change of magnetic susceptibility of a solution sample directly. Thus, it is necessary to develop an alternative magnetic susceptibility metrology by a new principle in order to deal with a solution sample. In our laboratory, a novel method of the magnetophoretic velocimetry 7, 8 has been developed to measure the magnetic susceptibility and the composition of individual micro-particles and droplets in liquids by using a magnetic force. In this technique, the size and the migration velocity of micro-particle are directly measured with an optical microscope; from their values, the magnetic susceptibility can be calculated.
In the present study, a new principle to measure the magnetic susceptibility of a solution was proposed; we detected the air/solution interfacial displacement caused by the magnetic force to the solution. The displacement was detected at the nanometer scale from the change of the interference fringes (so called Newton-Rings) 9 generated between the solution surface and the upper surface of a small plano-convex lens attached on the bottom wall of a cell. The displacement of the solution surface was investigated in relation to the magnetic susceptibility of solutions as well as to the structure of the measurement cell. The interference fringes were expanded or contracted due to the changes of the molar concentration of paramagnetic ions in solution. By the present method, it was demonstrated that the linear relationship between the magnetic susceptibility of paramagnetic ion solutions and the interfacial displacement could be used as a calibration curve to determine the magnetic susceptibility of solution samples.
Experimental

Chemicals
The aqueous solution of manganese(II) chloride (GR grade, Nacalai Tesque, Kyoto, Japan) was used as a standard solution of the magnetic susceptibility. The aqueous solutions of lanthanide(III) chlorides, which included gadolinium(III) chloride (GdCl3·6H2O, 99.9%, Nacalai Tesque), terbium(III) chloride (TbCl3·6H2O, 97%, Nacalai Tesque) and dysprosium(III) chloride (DyCl3·6H2O, 99.9%, Nacalai Tesque), were prepared to be used as solution samples for the magnetic susceptibility measurements. To prepare the mixed solution of manganese(II) and dysprosium(III), we made a stock solution of dysprosium(III) by dissolving dysprosium oxide (Dy2O3, 99.9%, Nacalai Tesque) in 1.0 × 10 -2 M sulfuric acid. Then, this stock solution was diluted to [Dy(III)] = 5.0 × 10 -3 M with an aqueous solution of manganese(II) chloride. Triton X-100 was added to all solutions in 0.01 wt% to reduce their surface tension. Water was purified by a Milli-Q system (Millipore, Billerica, MA, USA) and the other reagents were used as received. The magnetic susceptibility of a sample solution was measured with a magnetic balance (MSB-AUTO, Shaerwood Scientific Ltd., Cambridge, UK).
Interfacial displacement measurement Figure 1 shows schematically the air/solution interfacial displacement measurement system. An inverted microscope was constructed of a cold light source (Mega Light 100, SCHOTT Nippon K. K. Fiber Optics, Japan), a band pass filter (wavelength 560 nm), a mirror, a half mirror, an objective lens (10×, 20×, Mplan Apo, Mitutoyo, Japan), a tube lens and a CCD camera (CCD-IRIS DXC-108, SONY, Japan). The obtained microscope images were monitored through a CCD camera, captured with a digital video camera recorder (DCR-TRV30, SONY, Japan), and analyzed using the image processing software "Image-J" with a personal computer. 10 The schematic illustration of two types of cells and the disposition of magnets are shown in Fig. 2 . Cell (A) is a simple cylindrical cell attached by one or two magnets, but cell (B) has a separated action part close to a magnet and a detection part of Newton Rings. diameter, 7.78 mm in radius of curvature, Edmund Optics) at the center of the bottom wall. To measure the height of the solution surface, we observed the interference fringes (so called Newton-Rings), which were produced by the light reflected at the upper surface of the lens and the other light beam reflected at the air/solution interface. Figure 3 (B) shows an example of a Newton Ring observed in the case of an air/water system. According to the interference condition of the Newton Ring, 11, 12 the conditions for enhancement (bright-line) and counterbalance (dark-line) are expressed as Eqs. (1) and (2), respectively,
where h is the distance between the lens and the air/solution interface, r is the radial distance from the lens center, R is the radius of the lens curvature, n is the refractive index of a solution and m is an integer (m = 0, 1, 2 …). For instance, when water is used as sample solution and the wavelength is 560 nm, the difference in distance, Δh, between the lens and the air/solution interface observed from adjacent bright-dark rings is about 105 nm. In a region close to the magnet in a cell, dia-and paramagnetic solutions tend to move toward a smaller and a larger magnetic field gradient, respectively. Figure 4 shows schematically a variation of the interference fringes in dia-or paramagnetic solution under the magnetic field gradient, which is generated by Nd-Fe-B magnet attached to the wall of a cell.
When a solution is diamagnetic, the interference fringes will be contracted, because the air/solution interface in the vicinity of a lens is raised. In contrast, when a solution is paramagnetic, the interference fringes will be expanded, since the surface is lowered.
Results and Discussion
Nano-displacement measurement of air/solution interface
The observed image of interference fringes for the air/water system shown in Fig. 3(B) was analyzed by using the image processing software "Image-J". 10 The radial distribution of the interference intensity, I(r), is defined as
where I(r, θ) is the interference intensity at the position (r, θ) in the radial coordinate of the rings. The interference intensity profile obtained for the air/water system is shown in Fig. 5 . This figure shows three successive interference intensity profiles, following the air/water interface as it comes down gradually due to the evaporation of water in the system of Fig.  3(B) . The interference intensity minimum at m = 0 (i.e., the first dark ring in Fig. 3(B) ) shifted to longer radial distance as water was evaporated. An interfacial displacement, Δd, beyond the lens center was calculated from the shifted value of the interference intensity minimum by,
where Δr is the shifted value of the interference intensity minimum and rπ is the radial distance corresponding to a phase shift π at m = 0. The observed values for Δd were 10 nm for the shift from (a) to (b) and 33 nm for the shift from (a) to (c), respectively. Moreover, assuming one pixel in the image measurement to be a detection limit, the detection limit of the vertical displacement and -9.05 × 10 -6 dm 3 mol -1 , respectively. 13 The magnetic susceptibility of a sample solution measured with the magnetic balance agreed to the theoretical value calculated by Eq. (5). Therefore, no change of the magnetic susceptibility due to Triton X-100 could be found.
A relationship between the magnetic susceptibility and the solution surface displacement of a manganese(II) chloride solution measured by the different types of cell is shown in Fig. 6 . The positive value of the interfacial displacement refers to the case that the interface is descending. An excellent linear relationship was observed for each of the different types of cell, suggesting that the observed linear relations could be used as calibration lines for the measurement of the magnetic susceptibility of solutions. Values of the slopes for one magnet cell (A1), two magnet cell (A2) and one magnet cell (B) were 54.6, 78.1 and 221.2 × 10 -9 m 4 mol -1 , respectively. The use of two magnets in cell B induced about 1.4 times larger displacement than that observed by the one magnet cell (A1). These results confirmed that the structure of the cell was important to get better sensitivity, along with the arrangement of magnets in the magnetic displacement measurement of solution surface.
Lanthanide(III) chloride solutions.
We found a linear relationship between the magnetic susceptibility of Mn(II) solution and the interfacial displacement caused by the magnetic force. Next, lanthanide(III) ion solutions were examined as sample solutions, since lanthanide(III) ions are important subjects in analytical separation chemistry and have high magnetic susceptibilities. Interfacial displacement values of the standard Mn(II) chloride solution and Dy(III), Tb(III) and Gd(III) chloride solutions observed by cell (B) in some concentrations are shown in Fig. 7 . From the fitted slopes, the molar magnetic susceptibility of the rare earth solutes were obtained with the standard Mn(II) solution, which had χ (6) Again, the observed value is consistent with the literature value (5.63 × 10 -4 dm 3 mol -1 ). 13 Thus, it was demonstrated that the present method could be applied for the determination of the magnetic susceptibility of mixed solutions. Also, this technique can be used for the determination of a molar concentration of a solute in solution, provided that the magnetic susceptibility values of all solutes are known.
Modeling of magnetic displacement of the air/solution interface
Finally, a semi-quantitative model to explain the linear relationship between the interfacial displacement and the magnetic susceptibility of the solution was considered.
14 When a magnet is set up on the side of the cell (B) containing a paramagnetic solution, it is assumed that the flat surface of the solution will be deformed by the magnetic force, as shown in Fig. 9(A) . The total displaced volume is shown as ΔV, and it is arbitrarily divided from ΔV1 to ΔVn. At this moment, the gravitation given by ΔV1 is expressed as
where A is the cross section area of ΔVn. The magnetic force acting on a unit volume of solution is represented by
where χ V is magnetic volume susceptibility of the solution, μ0 is the permeability of vacuum and B is magnetic flux density. B(dB/dx) is the x component of grad (B 2 /2), which includes B(dB/dx), B(dB/dy) and B(dB/dz). 7 The force acting on individual Mn 2+ ions is too weak to migrate the ions in the solution; the solution thus remains homogeneous. Now, the magnetic pressure PB is defined as
From Eqs. (7) and (9), the displacement volume, ΔV1, can be
Total displacement volume, ΔV, can be expressed as
Finally, a relationship between the magnetic susceptibility and the interfacial displacement using the cell (B) is represented by using the size of the cell (B):
where ab/2 is the area of the action part and r is the radius of the detection part in the cell B of Fig. 2 . The line calculated by Eq. (12) for the manganese(II) chloride solution is shown in Fig.  9 (B). The flux density was simulated by using the finite element method analytical software "ANSYS" (Finite-ElementAnalysis (FEM) program ANSYS ® ). The general tendency of the magnetic field effect on the displacement of the solution surface is well represented by the model simulation. The slope of the calculated line in Fig. 9 (B) was 1.64 times that of the observed one. The discrepancy between the calculated slope and the observed one may be due to the effect of a meniscus of a solution at the cell wall and a lack of consideration for the three-dimensional magnetic field distributions.
Conclusions
In this research a nano-displacement magnetic susceptibility measurement device was newly constructed by using an optical system to observe the change of interference fringes of NewtonRings at the air/solution interface. The interference fringes could observe the behavior of expansion or contraction due to the magnetization of the solution, and the interfacial displacement value could be obtained from the changes of the interference fringes. A linear relationship between the magnetic susceptibility of the solution and the interfacial displacement caused by magnetic force was demonstrated to be useful for the determination of the magnetic susceptibility of solutes in aqueous solutions and in a mixed solution. The sensitivity of this method will be further improved beyond that of a SQUID flux meter by installing the measuring system in a super conducting magnet of 10 T. The proposed new method will be extended for the analysis of the magnetic susceptibility of solution interfaces.
